ABSTRACT In this paper, a novel wideband differential bandpass filter (BPF) with slotline surface plasmon polaritons (SPPs) is proposed. It consists of a pair of differential microstrip-to-slotline transition, a slotlineto-SPP transition with subwavelength gradient grooves, and a slotline SPP waveguide, which supports the TEM, TE, and SPP modes, respectively. The dispersion and transmission characteristics of the proposed hybrid SPP structure are analyzed under differential-mode (DM) and common-mode (CM) operations and applied to design wideband differential filter. To validate the design concept, a filter sample has been designed, fabricated, and measured. Both simulated and measured results prove its good performance including a wide 3-dB fractional bandwidth of 147.6% centered at 4.2 GHz (f 0 ), a wide DM upper stopband to 4.8 f 0 (S dd 21 < −30 dB), and a wide 40-dB CM suppression from 0.1 to 20 GHz.
I. INTRODUCTION
As one of the most essential components in wireless communication systems, differential wideband bandpass filters (BPFs) have more advantages over the unbalanced ones, such as high data-rate transmissions, high immunity to the environmental noise and low electromagnetic interference. So, differential wideband BPFs with enhanced common-mode (CM) suppression and out-of-band differential-mode (DM) rejection have attracted tremendous attention in recent years. Up to now, many efforts have been paid to design differential wideband BPFs with good performance [1] - [16] .
In [1] , [2] , two compact differential wideband BPFs with wide DM passband have been proposed based on branch-line structures. However, their CM rejections were limited to a frequency range slightly wider than the differential passband. In [3] , T-shaped structures were used to achieve wideband harmonic suppression for the common mode. However, due
The associate editor coordinating the review of this manuscript and approving it for publication was Feng Lin. to the centrally loaded stub is shared by its CM and DM circuit models, the CM signals could not be perfectly suppressed in the DM passband of interest. Other wideband differential BPFs with different configurations were reported by using parallel coupled lines [4] , modified coupled feed-lines [5] , and ring resonators [6] , [7] . Although wide DM passband can be achieved, the CM rejection of these filters during the DM passband are relatively poor.
To enhance the suppression of the CM signal, the transversal signal-interference technique was applied to design differential wideband BPFs [8] - [10] . However, the differential output/input ports of the differential filters in [8] are located on the opposite positions, which could not satisfy the requirement of practical applications. And the enhanced CM rejection of the differential filters in [9] , [10] is obtained at a cost of large insertion loss. Other approaches, such as cross-shaped resonator [11] , 180 • phase shifters [12] , and internal coupling technique [13] were also used to obtain deep CM rejection. However, poor DM selectivity were presented in these filters. In [14] - [16] , EBG structure [14] and double-sided parallel strip [15] , [16] were applied to improve the CM suppression respectively. However, the upper DM stopbands of these filters are a little narrow, and the circuits size are also somehow too large due to the usage of wideband transitions and periodic structure.
Recently, based on microstrip-to-slotline transitions, a novel class of differential filter with inherent CM suppression has been proposed [17] - [19] . By directly feeding the slotline resonator through the orthogonally placed microstrip line, the CM signal could be inherently suppressed along the slotline due to its high attenuation caused by filed mismatching. However, the filter proposed in [18] suffers from narrow DM upper stopband and poor selectivity, and the multi-layered filters reported in [19] is complicated with time-consuming optimization. In all, the research of the differential wideband BPFs is in progress, but still restricted.
Surface plasmon polaritons (SPPs) are intensely localized surface modes which propagate along the metal /dielectric interface. Due to the characteristics of high field confinement in a subwavelength scale, SPP waveguide research becomes an interesting field. Using the high confinement characteristics, single-sided and double-side slow-wave transmission lines with low ohmic losses are proposed based on SPP waveguides in [20] , [21] , respectively. In [22] , a muti-layer SPP waveguide with a loadable space for active controlling elements has been proposed. In [23] , a single-ended wideband BPFs with low radiation loss has been presented based on hybrid SIW-SPP transmission lines. In [24] , based on asymmetric SIRs and SPP feeding structure, we proposed a balanced filter with a narrow single band. However, all these transmission lines, waveguides and filters are based on microstrip line or SIW technology. To the best of our knowledge, there is little study on the slotline SPP waveguide for differential circuit and component design.
In this paper, a microstrip-to-slotline transition and a slotline SPP waveguide are proposed. The slotline SPP waveguide has low-pass and slow-wave features, while the microstrip-to-slotline is a high-pass structure with intrinsic CM rejection characteristic. By bridging these two parts with a slotline-to-SPP transition, a novel wideband differential BPF with enhanced CM suppression and upper DM stopband is developed. The remainder of this paper is organized as follows. In Section II, the configuration of the proposed filter is presented, the operating principle is explained, and the design procedure is demonstrated. Then, a wideband differential BPF prototype was fabricated and measured. The simulated and measured results are displayed and discussed in Section III. Besides, comparison with some advanced works is also summarized in Section III. Finally, a brief conclusion is made in Section IV.
II. FILTER DESIGN A. FITER CONFIGURATION
The configuration of the proposed wideband differential BPF is show in Fig. 1 , which is ideally symmetric with respect FIGURE 1. Schematic of the proposed filter. The microstrip feeding line is on blue bottom layer whereas the metal ground with slotline and SPP waveguide are on the yellow upper layer. Physical dimensions:
to both xoz and yoz planes. A microstrip feeding-line with two differential ports (ports P1 and P1') are directly tapped on the slotline as input terminals while a mirror and feedingline structure with two differential ports (P2 and P2') along yoz plane is placed as output terminals. A longitudinal slotline is etched on the ground plane, which can provide a mode conversion from slotline to SPP waveguide. To further understand the operating principle of the proposed filter, it is divided into three parts in Fig.1 . Part I: Along the AA' cross plane of the microstrip-to-slotline transition, it provides signal transition from TEM-mode to TE-mode conversion. Part II: Along the BB' cross plane of the slotline-to-SPP transition, it is from TE-mode to SPP-mode conversion. Part III: There is slotline SPP waveguide with two series of subwavelength gradient groves. In order to achieve a match of the momentum and the impedance between SPP waveguide and slotline in a wide frequency band, a transition with subwavelength gradient grooves is applied to bridge the groove line and the SPP waveguide. Shown in Fig. 1 , the groove depth varies from zero to h. 
B. MICROSTRIP-TO-SLOTLINE TRANSITION
For the microstrip-to-slotline transition, its' boundary conditions on the symmetrical plane BB' are different under CM and DM excitation. By using this unique characteristic, an intrinsic CM rejection can be realized in the proposed filter. To further clarify the operating mechanism of the proposed microstrip-to-slotline transition, simulated electric field distributions on plane AA' and BB' under DM and CM excitation are displayed in Fig. 2 and Fig. 3 respectively. Under DM operation, the electric field excited in the microstrip feeding-line is perpendicular to the xoz plane, as shown in Figure 2 (a). At the same time, the BB' plane (xoz plane) is used as a virtual electric wall, and the electric field that can propagate in the slotline is also perpendicular to the xoz plane, as shown in Fig. 2(b) . Therefore, due to the similarity of the electric fields in the microstrip feeding-line and the slotline, it is highly desirable that the DM signal can be smoothly converted from the TEM mode (microstrip) to the TE mode (slot line).
While under CM operation, the symmetrical plane BB' plane (xoz plane) works like a virtual magnetic wall. In this situation, the electric field excited in the microstrip feeding line is parallel to the xoz plane, as shown in Fig. 3(a) . However, the electric field which can propagate in the slotline is perpendicular to the xoz plane. That is, the electric field in the microstrip feeding line is orthogonal to that in the slotline. Hence, field mismatching will occur during the mode conversion, and the CM signal will be decayed along the slotline structure as shown in Fig. 3(b) .
Besides the intrinsic CM suppression, the microstrip-toslotline transition (Part I) is also a high-pass structure which provides a desired lower cutoff frequency f L of the proposed differential filter. Once the specifications of substrate and f L are determined, the radius of the circular slotline stubs R c are chosen to achieve the lower cutoff frequency f L . Since the radiation loss of the circular slotline stub increases with the circular slotline stubs gradually turn into radiating structures as frequency increases, and finally operate as radiating elements at the upper cutoff frequency f U . Therefore, the radiation loss of the circular slotline stub increases with increasing frequency, and the choice of f L will introduce restriction on the upper cutoff frequency f U . Assuming that R c is a quarter of the effective guidewave length of the slotline at f U , an estimate for R c can be expressed as:
where r represents the frequency ratio of the upper cutoff frequency f U to f L , and ε eff ≈ (ε r + 1)/2. To achieve a relative wide bandwidth, r is set as 6.6 in this work. In order to verify the effectiveness of equation (1), the transmission coefficients of the proposed microstripto-slotline transition are first obtained by connecting two identical transitions with uniform λ g /4 slotline, as shown in Fig. 4 , where λ g represents the guide wavelength at 6 GHz. As depicted in Fig. 4 , the lower cutoff frequency of the microstrip-to-slotline transition is decreased from 2.4 to 0.6 GHz as R c increased from 2 to 8 mm, which agree well with the predicted results of equation (1). Thus, the equation (1) can be applied to get the initial dimension of circular slotline stub. To further study the effect of R c on the lower cutoff frequency of the proposed differential filter, the simulated coefficients of the proposed wideband differential BPF with different R c under DM excitation are shown in Fig. 5 . It is seen from Fig. 5 that the lower cutoff frequency f L is changed from 1.3 to 0.6 GHz as R c increases from 2 to 8mm. Thus, the lower cutoff frequency can be flexibly adjusted by R c in a wide frequency range. 
C. SLOTLINE-TO-SPP TRANSITION AND SLOTLINE SPP WAVEGUIDE
For the slotline SPP waveguide (Part III), it's a slow-wave and low-pass structure which provides a desired upper cutoff 44214 VOLUME 7, 2019 frequency of the proposed filter. To make a smooth III), a slotline-to-SPP transition (Part II) is applied to bridge mode conversion from TE mode (Part I) to SPP mode (Part these two parts, as shown in Fig. 1 . For further understanding the operating principle of the Part II and Part III, the dispersion characteristics of SPP unit are analyzed by both theoretical and parametric studies. As presented in [25] , when the copper thickness of the substrate is infinity, the dispersion curves for the SPP modes propagated in the metallic groove array can be expressed as:
where β 0 = ω/c represents the propagation constant of the EM waves in free space, p expresses the period of the unit cell, t and h represent the width and depth of the grooves. Due to the copper thickness of the substrate used in manufacturing is finite, a precise dispersion relation for the SPP modes propagated in Part II and Part III is analyzed by the Eigenmode solver of commercial software CST Microwave Studio, and the results are displayed in Fig. 6 . As shown in Figure 6 , the supported SPP mode is always below the lightline, which dedicates that the SPP mode is a kind of slow-wave. Therefore, the electromagnetic field will be tightly confined in the SPP waveguide without radiating into the space. Furthermore, at the same frequency, the propagation constant β of the SPP mode increases as the groove depth h increases, as displayed in Fig. 6 . This not only means that the momentum matching can be achieved by the gradient grooves (varying from 0 to h) in Part II, but also means that the deeper the groove depth is, the tighter the electromagnetic field is confined. Besides, as depicted in Fig. 6 , each of the dispersion curves tends to be horizontal and finally reach up to different cutoff frequencies as the groove depth h is changed. Thus, the upper cutoff frequency of the proposed filter can be adjusted flexibly by changing the groove depth h. The characteristics of controllable upper cutoff frequency is also verified by the simulated DM response shown in Fig. 7 . As demonstrated in Fig. 7 , the upper cutoff frequency of the proposed filter is decreased from 11.3 to 6.8 GHz as h increases from 2.5 to 4.5 mm. Hence, a BPF with desired center frequency f c = (f U + f L )/2 and controllable bandwidth can be designed flexibly by choosing a proper combination of R c and h. Moreover, as shown in Fig. 7 , the insertion loss of the proposed filter varies from 0.28 to 2.3 dB across the DM passband, which is slightly larger than that of microstrip-to-slotline transition shown in Fig. 4 (varying from 0.1 to 2.2 dB). Thus, the insertion loss caused by the slotline SPP wave guide can be nearly ignored due to high confinement of SPP modes. In addition, the effect of different SPP unit number N on the proposed filter performance are displayed in Fig. 8 . Results show that the upper sideband selectivity is improved greatly and the corresponding insertion loss is increased slightly as the number increases under DM operation. So, N = 5 is chosen after a tradeoff between the frequency selectivity and the in-band insertion loss for the final design. 
III. RESULTS AND DISCUSSIONS
To verify the above-mentioned analysis, a wideband differential BPF is designed and fabricated on a 0.635 mm thick Rogers 6010 substrate with a permittivity of 10.2 and loss tangent of 0.0023. The optimal dimension parameters are shown in Fig. 1 and the overall size of the proposed filter is 66 × 20 mm 2 . Fig. 9(a) and (b) show the simulated E z electric field and H y magnetic field distributions of the proposed filter under DM excitation. As shown in Fig. 9 , the transversal fields of propagated SPP modes is well confined along the proposed slotline SPP waveguide, which means a low insertion loss can be achieved in the proposed filter. The simulated current distributions of the proposed filter under DM and CM excitation are displayed in Fig. 10(a) and (b) respectively. As shown in Fig. 10(a) , under DM excitation, the DM signals can smoothly transmitted from microstrip feeding-line due to the successful TEM-to-TE mode version. Whereas under CM excitation, as shown in Fig. 10(b) , the CM signals will decayed highly along the slotline due to the failure of mode conversion caused by the filed mismatching, which is also agree well with the analysis demonstrated in Section II. The photographs of the fabricated wideband differential filter are shown in Fig. 11 . Simulated and measured S-parameters are displayed and compared in Fig. 12 . It is seen from Fig. 12 that the measured 3-dB DM fractional bandwidth of 147.6% from 1.1 to 7.3 GHz with the center frequency at f 0 = 4.2 GHz is produced, and the minimum insertion loss is of 0.28 dB at 2 GHz. The slightly increased insertion loss during the DM passband is mainly due to the enlarged radiation loss of circular slotline stubs with increasing frequency.
For the CM response, the measured CM signal rejection is lower than -55 dB within the DM passband and -40 dB from 0.1 to 20 GHz. Furthermore, the upper stopband of the proposed BPF under DM operation stretches up to 4.8f 0 of 20 GHz (S dd 21 < -30dB). The ultra-wide upper stopband can be attributed to the wide band-gap existed between the fundamental SPP mode and higher-order SPP mode [26] . Besides, it can been found that the good DM transmission features and deep CM rejection displayed in Fig. 12 agree well with the current distributions shown in Fig. 10 .
In addition, simulated and measured group delay of the proposed filter are shown Fig. 13 . It can be observed from Fig. 13 that the group delay is less than 1ns from 1 to 7.3 GHz. The raised variation is caused by a trade-off between phase linearity and skirt rejection of the S dd 21 magnitude. In short, 44216 VOLUME 7, 2019 FIGURE 13. Simulated and measured group delay of the DM pass band of the proposed wideband differential BPF. good agreement between the simulated and measured results verifies the effectiveness of this design. Table 1 further lists a comparison with other reported arts, which clearly shows the filter's enhanced bandwidths, upper stopband and good CM suppression.
IV. CONCLUSION
In this letter, a novel wideband differential BPF with enhanced CM suppression and a wide DM upper stopband is presented. Its microstrip-to-slotline and slotline-to-SPP transitions are designed and analyzed. Moreover, the dispersion and transmission characteristics of the proposed hybrid SPP structure are applied to design wideband differential filter. Results prove its good performance including a wide 3-dB fractional bandwidth of 147.6% centered at 4.2 GHz and a wider 40-dB CM suppression from 0.1 to 20 GHz. This novel slotline SPP structure is compact, high-performance and suitable for differential component design and subsystem design applications.
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